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Polymer  nanocomposites  (PNCs),  i.e.  nanoparticles  (spheres,  rods,  and  plates)  dispersed  in  a  polymer 
matrix,  have  garnered  substantial  academic  and  industrial  interest  since  their  inception,  ca.  1990.  With 
respect  to  the  neat  matrix,  nanoparticle  dispersion  has  been  shown  to  enhance  physical  (e.g.,  barrier, 
erosion  resistance,  and  reduced  flammability),  thermomechanical  (e.g.,  heat  distortion  temperature,  thermal 
expansion  coefficient,  and  stiffness),  and  processing  (e.g.,  surface  finish  and  melt  strength)  characteristics. 
Beyond  maximization  of  the  nanoparticle  dispersion,  however,  the  morphology  of  these  materials  is  many 
times  uncontrolled,  yielding  isotropic  nanofilled  systems,  not  necessarily  spatially  “engineered,  designed 
and  tailored”  materials.  To  impact  high-technology  applications  requiring  unique  electrical,  thermal,  and 
optical  properties,  manufacturing  techniques  enabling  control  of  the  nanoparticle  arrangement  and 
distribution  must  be  developed.  This  paper  will  examine  the  status  of  approaches  for  directing  the 
hierarchical  morphology  of  nanoparticle  dispersions  in  three  dimensions,  and  beyond  uniaxial  alignment, 
using  examples  from  the  literature  to  highlight  the  potential  and  issues.  Ultimately,  two  general  approaches 
to  this  challenge  are  emerging,  namely,  extemal-in  (directed  patterning  of  nanoparticle  dispersions)  and 
internal-out  (mesophase  assembly  of  nanoparticles). 


Introduction 

The  large  variety  of  plastics  available  on  the  market  today 
is  the  result  of  blending,  that  is,  combining  various  polymers 
or  adding  micrometer-scale  or  larger  fillers,  such  as  minerals, 
ceramics,  and  metals  (or  even  air).  Over  the  past  decade, 
the  utility  of  inorganic  nanoparticles  as  additives  to  enhance 
polymer  performance  has  been  established  and  now  provides 
additional  opportunities  for  many  diverse  commercial  ap¬ 
plications.  Low- volume  additions  (1  —  10%)  of  isotropic 
nanoparticles,  such  as  titania,  alumina,  and  silver,  and 
aniostropic  nanoparticles,  such  as  layered  silicates  (nano¬ 
clays)  or  carbon  nanotubes,  provide  property  enhancements 
with  respect  to  the  neat  resin  that  are  comparable  to  that 
achieved  by  conventional  loadings  (15—40%)  of  traditional 
micrometer- scale  inorganic  fillers.  The  lower  loadings 
facilitate  processing  and  reduce  component  weight.  Most 
important  though  is  the  unique  value-added  properties  and 
property  combinations  that  are  not  normally  possible  with 
traditional  fillers,  such  as  reduced  permeability,  optical 
clarity,  self-passivation,  and  flammability,  oxidation,  and 
ablation  resistance.  Beyond  maximizing  nanoparticle  disper¬ 
sion,  however,  the  morphology  of  these  materials  is  many 
times  uncontrolled,  yielding  isotropic  nanofilled  systems,  not 
necessarily  spatially  “engineered,  designed  and  tailored” 
composite  materials. 

This  review  article  will  endeavor  to  “look-over-the- 
horizon”  at  the  challenges  and  opportunities  in  providing 
the  tool  box  to  direct  polymer  nanocomposite  morphology 
in  the  bulk ,  that  is,  deliver  “nanocomposites-by-design”. 


*  Corresponding  author.  E-mail:  richard.vaia@wpafb.af.mil. 


Among  the  many  challenges  as  polymer  nanocomposites 
(PNCs)  move  beyond  commodity  plastic  applications, 
precise  morphology  control  is  paramount.  Random  arrange¬ 
ments  of  nanoparticles  will  not  provide  optimized  electrical, 
thermal,  or  optical  performance  for  many  potential  high- 
technology  applications,  such  as  dielectric  underfills  for 
electronic  packaging,  printed  flexible  electronics,  engi¬ 
neered  aerospace  structural  components,  reconfigurable 
conductive  adhesives,  and  optical  gratings  to  just  mention 
a  few. 

Specifically,  we  will  focus  on  the  methodologies  to  control 
the  arrangement  and  distribution  of  dispersed,  preformed 
nanoparticles  beyond  uniaxial  alignment  (Doo  and  Coo).  After 
a  brief  summary  of  the  current  status  of  PNCs  (Background) 
and  a  discussion  emphasizing  the  opportunities  afforded  by 
the  ability  to  control  nanoparticle  hierarchy  (Going  Beyond 
Filled  Systems),  two  general  approaches  to  this  challenge 
are  explored,  namely:  external-in  (Directed  Patterning  of 
Nanoparticle  Dispersions)  and  internal-out  (Mesophase  As¬ 
sembly  of  NanoParticles).  Selected  examples  from  the 
literature  are  used  to  highlight  the  potential  and  challenges; 
interested  readers  are  encouraged  to  further  explore  the 
literature  surrounding  these  examples  for  additional  informa¬ 
tion.  We  want  to  emphasize  that  these  examples  are  by  no 
means  intended  to  be  inclusive.  A  collection  of  efforts  that 
demonstrate  the  potential  (explicitly  or  implicitly)  is  rapidly 
growing  at  the  intersection  of  chemistry,  physics,  materials 
science,  and  biomaterials,  including  those  highlighted  here, 
as  well  as  others,  such  as  backfilling  of  sacrificial  templates 
or  in- situ  nanoparticle  formation  within  a  mesophase. 
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Background 

Polymeric  nanocomposites  have  been  an  area  of  intense 
industrial  and  academic  research  for  the  past  15  years.  No 
matter  the  measure— articles,  patents,  or  research  and  devel¬ 
opment  funding— worldwide  efforts  in  PNCs  have  been 
growing  exponentially.  For  example,  the  total  number  of  hits 
for  “polymer”  and  “nanocomposite”  on  SciFinder  (Chemical 
Abstract  Service  (CAS)  of  the  American  Chemical  Society) 
from  1988  to  2005  is  >9400,  where  the  yearly  number  has 
approximately  doubled  every  2  years  since  1992.1  Recent 
market  surveys  have  estimated  global  consumption  of  PNCs 
at  tens  of  millions  of  pounds  (~$250M),  with  a  potential 
annual  average  growth  rate  of  24%  to  almost  100  million 
pounds  in  2011  at  a  value  exceeding  $500— 800M.2-4  Major 
revenues  are  forecast  from  large  commercial  opportunities, 
such  as  automobile,  coatings,  and  packaging,  where  lower 
cost,  higher  performance  resins  would  improve  durability 
and  design  flexibility  while  lowering  unit  price.  In  light  of 
global  polymer  production,  which  from  oil  alone  exceeds 
200—450  billon  pounds  annually,  nanoparticle  additions  to 
plastics  affords  one  of  the  commercially  largest  and  diverse 
near-term  applications  of  nanotechnology. 

Since  the  first  reports  in  the  early  1990s5-10  the  term 
“polymer  nanocomposite”  has  evolved  to  refer  to  a  multi- 
component  system,  where  the  major  constituent  is  a  polymer 
or  blend  thereof  and  the  minor  constituent  exhibits  a  length 
scale  below  100  nm.  As  such,  the  term  is  sometimes  used 
as  a  synonym  for  inorganic— organic  hybrids,  molecular 
composites,  or  to  encompass  mature  commercial  products, 
such  as  filled  polymers  with  carbon  black  or  fumed  silica. 
The  numerous  reports  of  large  property  changes  with  very 
small  (<5  vol  %)  addition  of  nanoparticles  have  fueled  the 
view  that  nanoparticle  addition  to  polymers  delivers  huge 
dividends. 

Given  the  extensive  variety  of  nanoparticles  now  com¬ 
mercially  accessible  (clays,  carbon  nanotubes,  quantum  dots, 
metals,  silica,  titania,  zirconia,  and  various  oxides,  etc.),  the 
potential  combinations  of  polymers  and  nanoparticles,  and 
thus  the  tailorability  of  the  property  suite,  is  essentially 
endless.  The  diversity  in  scientific  investigation,  technology 
advancement,  processing  innovations,  and  product  develop¬ 
ment  is  staggering.  A  significant  number  of  excellent  review 
papers  (e.g.,  clays11-18  and  carbon  nanotubes17-21)  and 
books22-25  are  available  that  chronicle  and  summarize  the 
status  of  various  nanoparticle— polymer  combinations  and 
the  broad  scientific  and  technological  challenges  still  to  be 
overcome. 

Arguably,  the  goal  for  the  vast  majority  of  these  investiga¬ 
tions  is  to  achieve  increased  thermomechanical  performance 
through  dispersion  at  the  single-particle  level.  The  resulting 
PNCs  are  treated  much  as  an  isotropic,  filled  polymer.  Thus, 
from  the  historic  perspective,  nanocomposites  today  are  really 
nanoparticle-filled  plastics,  Figure  1. 26-28  The  use  of  the 
moniker  “composites”,  though,  invokes  strong  parallels  to 
traditional  continuous  fiber-reinforced  composites  (CFRC) 
and  the  ability  to  spatially  engineer,  design,  and  tailor 
materials  performance  for  a  given  application.  The  payoff 
of  CFRC  manufacturing  technologies  is  exemplified  by  the 
incredible  material  advancements  that  enable  current  aero- 


Figure  1.  Representative  polymer  nanocomposite  morphologies  exhibiting 
random  dispersion  of  spherical  (0D),  rodlike  (ID),  and  platelike  (2D) 
nanofillers,  (a)  Spherical:  CdSe/ZnS  quantum  dots  with  carboxylic  acid 
surface  functionality  (Evident  Technologies)  dispersed  at  5  x  1015  particles/ 
cm3  in  a  recombinant  silk-elastin  protein  (MW,  70  000).26  (b)  Rod:  5  wt 
%  carbon  nanofibers  (Applied  Science,  Inc)  dispersed  in  thermoplastic 
polyurethane.27  and  (c)  Plate:  3  wt  %  organically  modified  montmorillonite 
(Cloisite  30A)  in  Epon  862/W  cured  epoxy  28 


space  systems,  both  military  and  civilian.  Current  processing 
and  fabrication  approaches  for  PNCs  fall  well  short  of  this 
fabrication  and  design  capability. 

Going  beyond  Filled  Systems 

Performance  enhancements  of  polymer  nanocomposites 
capitalize  on  advantages  afforded  by  up  to  a  3  orders  of 
magnitude  spatial  refinement  of  morphology  relative  to 
traditional  micrometer-scale  filled  polymers  and  composites. 
This  contrasts  nanotechnology  in  electronics,  optics,  and  data 
storage,  where  the  nanoscale  provides  access  to  new  physical 
processes  based  on  quantum  phenomenon.  Many  discussions 
considering  the  implications  and  physical  manifestation  of 
this  refinement  of  PNC  morphology  can  be  found  in  the 
literature.29-33  For  polymers,  many  bulk  properties  are  related 
to  the  size  of  the  polymer  chain,  which  is  characterized  by 
the  radius  of  gyration,  Rg  (~2— 20  nm).  The  dominate  length 
scale  of  the  morphology  becomes  critically  important  as  the 
dimensions  of  particle  and  polymer,  as  well  as  the  interfacial 
curvature  and  interparticle  distance,  become  comparable.  At 


2 


Reviews 


Chem.  Mater.  C 


Figure  2.  Example  of  the  impact  of  processing  on  macroscopic  distribution 
of  local  morphologies  in  PNCs.  Small-angle  and  wide-angle  X-ray  scattering 
(SAXS  and  WAXS)  patterns  from  injection-molded  nylon  6/montmorillonite 
nanocomposites,  reflecting  alignment  of  local  structure.16  The  neck  region 
(A  in  the  optical  picture  of  the  sample)  contains  highly  aligned,  well- 
dispersed  montmorillonite  layers,  as  indicated  by  the  oriented  streak  in 
SAXS.  A  weak  peak  on  the  meridian  of  the  WAXS  patterns  arises  from 
well-oriented  y -phase  crystal  lamellae  (see  arrows).  Within  the  base  region 
(region  D),  the  montmorillonite  layers  reflect  the  fountain  flow  pattern  of 
the  injection  molding.  The  polymer  crystallites  are  not  highly  aligned, 
however,  as  indicated  by  the  more  uniform  azimuthal  scattering  in  the 
WAXS  pattern  from  region  D. 

this  point,  the  propensity  of  interface  and  cooperativity 
between  particles  dominate  macroscopic  properties.  Strong 
fundamental  parallels  can  be  drawn  with  efforts  on  thermal- 
mechanical  characteristics  of  ultrathin  films  of  polymers34’35 
or  of  fluids  confined  within  nanopores.36  Schadler  and  co¬ 
workers  recently  provided  strong  experimental  evidence  for 
these  parallels  through  the  depression  of  glass  transition 
temperature  in  silica- filled  polystyrene.31 

For  the  final  material  performance,  though,  the  extent, 
spatial  arrangement,  and  ordering  of  the  constituents  is  as 
important,  if  not  more  so,  than  simply  the  degree  of 
refinement  of  the  morphology  or  the  role  of  the  interface 
region  on  polymer  conformation  and  dynamics.  For  example, 
morphology  hierarchy  is  well-acknowledged  in  the  process¬ 
ing  (injection  molding,  casting,  etc.)  of  semicrystalline 
polymers  and  polymer  blends  where  macroscopic  variations, 
such  as  skin-core  and  fountain-flow  patterns,  arise  from 
specific  processing  geometry  and  impact  final  part  design 
and  performance.  Comparable  processing  issues  also  ulti¬ 
mately  determine  the  utility  of  many  high-performance  liquid 
crystalline  polymers.  For  current  nanoparticle-filled  products, 
the  hierarchy  of  morphology  is  even  more  important  than 
comparable  micrometer-scale  filled  polymers  due  to  the 
extreme  aspect  ratio  of  many  nanoparticles,  such  as  exfoliated 
clays  and  carbon  nanotubes.  Kojima  and  co-workers  were 
one  of  the  first  to  document  and  discuss  the  impact  of 
processing  conditions  on  the  fine  structure  of  PNCs.37,38  They 
demonstrated  that  the  relative  orientation  of  montmorillonite 
layers  and  the  concomitant  impact  on  nylon  6  crystallites 
varied  with  distance  from  the  sample  surface.  Figure  2 
summarizes  X-ray  diffraction  studies  of  an  injection-molded 
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Figure  3.  Numerical  results  obtained  by  Gusev  and  Rozman40  for 
honeycomb  and  weblike  packing  arrays  of  silica  particles  (E  =  70  GPa,  v 
=  0.2)  in  an  elastomer  matrix  (K=  1  GPA,  G  =  0.0005  GPa),  demonstrating 
the  impact  of  controlled  morphology  on  enhancing  mechanical  properties 
of  a  composite.  The  two  solid  lines  give  the  predictions  of  the  Hashin— 
Shtrikman  variational  bounds.  The  vertical  dashed  lines  show  the  maximum 
packing  density  that  can  be  achieved  assuming  weblike  and  honeycomb 
packing  arrays  of  identical  cylindrical  fibers.  Reprinted  with  permission 
from  ref  40.  Copyright  1999  Elsevier. 

bar  of  Nylon  6— montmorillonite  nanocomoposite  showing 
that  the  orientation  of  montmorillonite  and  polymer  crys¬ 
tallites  reflects  the  filling  pattern  of  the  mold.  Similar  obser¬ 
vations  are  now  common  in  the  PNC  literature.  More 
recently,  Curliss  noted  the  substantial  role  of  the  fiber  mat 
in  globally  templating  the  alignment  of  montmorillonite 
layers  during  vacuum-assisted  re  sin- transfer  molding 
(VARTM).39  Comparison  of  bulk  PNC  epoxy  to  reinforced 
composite  with  PNC  epoxy  matrix  indicated  that  this 
templated  local  alignment  along  the  carbon  fiber  axis  was 
beneficial.  Unanticipated  improvements  of  transverse  and 
axial  strength  in  the  final  fiber-reinforced  structure  were 
attributed  to  the  alignment  of  the  montmorillonite  along  the 
carbon-fiber  surface.  Recognition  of  the  criticial  importance 
of  quantifying  and  ascertaining  the  contribution  of  con¬ 
nectivity  of  NPs,  the  resultant  structure  of  this  “NP  network,” 
if  it  exhibits  fractal  or  self-similar  features,  and  the  associated 
properties  of  this  network,  such  as  complaince,  relaxation 
times,  junction  strength,  and  spanning  linkage  flexibility,  are 
increasing. 

Modeling  efforts  to  establish  structure— performance  cor¬ 
relations  further  support  the  need  for  more  refined  processing 
techniques.  Reports  predict  huge  dividends  in  mechanical, 
barrier,  and  electrical  performance  if  processing  could 
prescribe  precise  spatial  arrangement  of  nanoparticles.  For 
example,  Gusev  and  Rozman  showed  that  comparable  shear 
moduli  could  be  obtained  at  only  half  the  volume  fraction 
of  particles  if  a  weblike  morphology  could  be  generated 
rather  than  random  or  hexagonal  arrangement,  Figure  3. 40 
Additional  work  by  Gusev  and  co-workers  on  barrier 
properties41  and  the  coefficient  of  thermal  expansion  (CTE)  42 
and  by  Boyce  et  al.43  and  Buxton  and  Balasz4  on  mechanical 
reinforcement  further  point  to  the  importance  of  nanoparticle 
arrangement  in  achieving  maximum  effect  at  minimum  filler 
loading.  Using  continuum  mechanics,  Liu  and  Kumar 
examined  the  elastic  constants  of  single- wall  carbon  nanotube 
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Figure  4.  “Percolation  phase  diagram”  of  anisotropic  percolation  thresholds  showing  the  relation  between  the  onset  volume  fraction  6V  (percolation  threshold) 
and  normalized  shear  rate  Pe,  for  monodisperse  rods  of  aspect  ratio  50. 46  The  orientational  probability  distribution  function  (PDF)  of  the  rods  were  derived 
from  Doi— Hess  theory  for  flowing  rigid-rod  macromolecules  in  a  viscous  solvent.  Representative  critical  spanning  percolation  cluster  at  Pe  =  80  corresponding 
to  (top)  3D  percolation  (0P  =  0.0134)  with  percolating  paths  spanning  the  gradient  (y),  vorticity  (z),  and  flow  (x)  direction  and  (bottom)  ID  percolation  (0V 
=  0.012)  with  percolating  path  only  spanning  the  flow  (jc)  direction. 


tZ)p  =  0.0134 


012 


(SWNT)  ropes  and  fibers  and  showed  that  shear  moduli  of 
the  fiber  drops  precipitously  as  the  width  of  the  uniaxial 
orientation  function  of  the  SWNT  increases;  upward  of  2 
orders  of  magnitude  for  10—20%  disorder  at  larger  fiber 
diameters.45  This  sensitivity  to  deviations  from  perfect  order, 
and  its  implications  to  fiber  spinning,  parallels  that  known 
for  high-performance  rigid-rod  polymer  fibers.  Very  recently, 
Forest  and  co-workers  considered  anisotropic  geometric 
percolation  of  high- aspect-ratio  rod  ensembles  dispersed  in 
a  viscous  solvent  and  subjected  to  controlled  rheological 
flows.46  Results  indicated  that  the  spanning  dimension  of  the 
percolating  cluster  can  be  controlled  using  a  combination  of 
volume  fraction  and  shear  rate.  Percolation  phase  diagrams 
result,  in  which  shear  rate  produces  transitions  between  3D, 
2D,  and  ID  percolating  clusters,  as  well  as  the  loss  of 
percolation  at  a  given  volume  fraction,  Figure  4.  Numerous 
applications,  including  smart  materials,  piezo-  and  pyrore- 
sistive  sensors  and  actuators,  are  enabled  by  the  production 
of  films  with  anisotropic  conductivity  arising  from  controlling 
the  structure  of  the  percolation  network. 

What  is  the  status  then  of  processing  techniques  that  will 
provide  a  feedback  to,  and  a  demonstration  of,  these  insights? 
It  seems  clear  that  more  than  uniaxial  control  of  rods  and 
plates  is  necessary. 

Ultimately,  two  general  approaches  to  this  challenge, 
paralleling  nanofabrication  concepts,  are  emerging,  namely, 
external-in  (top-down)  and  internal-out  (bottom-up),  Figure 
5.  For  extemal-in,  directed  patterning  of  nanoparticle  disper¬ 
sions  (DPND)  relies  on  the  creation,  by  an  external  means, 
of  a  multidimensional  morphology  directing  potential,  such 
as  a  spatially  varying  field  or  susceptibility  within  the 
material.  This  transforms  a  random  distribution  to  a  pre¬ 
scribed,  ordered  construction.  For  internal-out,  mesophase 
assembly  of  nanoparticle  (MANP)  relies  on  the  ability  to 
tailor  interparticle  interactions,  both  particle— particle  and 
particle— matrix,  to  result  in  thermodynamically  stable  (and 
defined)  mesophases.  The  possibilities  for  higher  order 
structures  are  bolstered  by  the  continuing  successes  in  the 
reproducible  production  of  nanospheres,  fibers,  plates,  and 
other  geometries  with  manufacturing  tolerances  that  approach 
the  current  norm  of  micrometer- scale  fibers,  colloids,  and 
films  (<1%). 47-52  These  will  provide  nanoscale  building 
blocks  approaching  the  precision  of  molecules,  macromol¬ 


ecules,  and  biomacromolecules  and  thus  access  to  the 
associated  complex  phase  space.  Note  that  these  concepts 
are  not  mutually  exclusive,  but  can  be  combined,  e.g., 
directed  patterning  of  mesophase  assembled  NPs. 

Directed  Patterning  of  Nanoparticle  Dispersions 

The  ability  to  uniaxially  align  nanoelements,  both  plates 
and  tubes,  using  external  forces  and  gradients  has  been  exten¬ 
sively  demonstrated.  Approaches  include  sedimentation,53 
spin  coating,54  mechanical  deformation  (fiber  spinning,55-58 
film  blowing,59  injection  molding,60  and  shear6162),  magnetic 
fields,63’64  and  electrical  gradients.65  One-dimensional,  out- 
of-plane  periodicity  has  also  been  shown  by  sequential 
deposition  approaches  such  as  electrostatic  or  hydrogen  bond 
mediated  self-assembly.66,67 

Much  less  work  has  been  directed  toward  establishing 
robust  processing  techniques  that  enable  broad  tunability  of 
two-  or  three-dimensional  structures  within  the  bulk.  Creation 
of  multidimensional  structures  is  challenged  by  how  to 
controllably  generate  a  multidimensional,  morphology-direct¬ 
ing  potential  within  the  bulk  material.  For  example,  if  the 
control  input  is  mechanical  deformation,  morphology  ma¬ 
nipulation  will  depend  not  only  on  the  magnitude  and 
gradient  of  an  anisotropic  external  deformation  (all  compo¬ 
nents  of  the  stress  tensor)  but  also  on  the  local  distribution 
of  the  stress  field  and  on  the  coupling  to,  and  interplay  of, 
the  nanoparticle’s  shape  and  mechanical  response  (buckling, 
fracture,  etc.),  surface  energies,  and  viscoelastic  properties, 
etc.  Extensive  efforts  on  the  refinement  of  two-component 
polymer  blends  exemplify  the  complexity  of  this  specific 
case.68 

The  following  sections  highlight  four  areas  which  pro¬ 
vide  an  overview  of  current  capabilities.  The  initial  three 
sections  (Mechanical  Deformation,  Electric  and  Magnetic 
Fields,  and  Optical  Fields)  discuss  the  coupling  between 
applied  external  fields  and  nanoparticle  orientation,  distribu¬ 
tion  and  interparticle  interactions.  The  last  section  (Multi- 
component  Interfacial  Systems)  considers  the  possibilities 
afforded  by  interfacial  segregation  of  nanoparticles  in  an 
immiscible  blend,  and  thus  templating  the  nanoparticle 
distribution  to  the  interfacial  regions  of  the  immiscible  blend, 
and  subsequent  macroscopic  manipulation  of  the  structure 
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Figure  5.  Schematic  representation  of  the  two  general  approaches  to  control  nanoparticle  distribution  and  arrangement  beyond  random  order:  external-in 
(top)  and  internal-out  (bottom).  For  external-in,  directed  patterning  of  nanoparticle  dispersions  (DPND)  relies  on  the  creation,  by  an  external  means,  of  a 
multidimensional  morphology  directing  potential  (top  center:  graded  background  contours),  such  as  a  spatially  varying  field  (depicted  above)  or  susceptibility 
within  the  material.  Imposing  this  complex  field  on  the  sample  (top  center)  transforms  a  random  distribution  to  a  prescribed,  ordered  construction  due  to 
mass  flow  of  nanoparticles  (arrows)  to  minimize  the  potential  energy  of  the  system  within  the  externally  applied  field.  For  internal-out,  mesophase  assembly 
of  nanoparticles  (MANP)  relies  on  the  ability  to  tailor  interparticle  interactions,  both  particle— particle  and  particle— matrix,  to  result  in  a  thermodynamically 
stable  (and  defined)  mesophase.  The  phase  behavior  of  the  system  may  be  modulated  (bottom  center)  by  uniform  changes  in  the  systems  intrinsic  (pressure 
or  temperature)  or  extrinsic  (number  density  or  entropy)  thermodynamic  parameters.  In  contrast  to  the  externally  patterned  potential  applied  for  DPND, 
changes  in  particle  organization  in  MANP  occur  in  response  to  a  uniform  change  in  the  system’s  environment. 


via  distortions  and  refinements  of  the  underlying  multiphase 
morphology. 

Mechanical  Deformation.  For  mechanical  deformation, 
uniaxial  or  in-plane  biaxial  arrangement  of  the  nanoparticle 
and  polymer  crystallites  is  common,  as  noted  by  the 
aforementioned  approaches.  Multidimensional  control  of  the 
morphology  by  complex  strain  fields  is  rarely  reported. 
However,  some  reports  of  using  controlled  strain  inputs  to 
introduce  local  distortions  of  the  nanoparticle  can  be  found. 
For  example,  beginning  from  quenched  biaxially  extruded 
films  of  nylon  6/montmorillonite  nanocomposites,  Park  and 
co-workers  observed  within  zone-drawn  films  that  the 
montmorillonite  layers  buckle  perpendicularally  to  the  draw 
direction,  analogous  to  failure  of  a  uniaxially  strained  sheet 
of  paper.69  The  failure  mode  appeared  to  occur  for  a 
collection  of  parallel  aluminosilicate  layers  (2—4)  and 
exhibited  a  mean  spatial  frequency,  Figure  6.  This  behavior 
has  analogies  to  shear  banding  and  deformation  of  uniaxially 
aligned  lamellar  and  cylindrical  block  copolymes. 70-72 

In  general,  nanoparticle  alignment,  as  well  as  morphology 
refinement,  depends  on  the  type  of  imposed  flow,  whether 
extensional,  shear,  or  mixed.73  This  is  analogous  to  other 
complex  fluids  including  polymers.  Fundamentally,  the 
complexity  of  the  local  response  to  imposed  stress  or  strain 
not  only  depends  on  the  interfacial  strength,  particle  size, 


and  mechanical  characteristics  of  the  constituents  but  also 
on  elastic  instabilities,  such  as  buckling,  of  the  high  aspect 
ratio  nanoparticles,  as  well  as  the  cooperative  response  of 
nanoparticles  coupled  through  overlapping  local  strain  fields. 
The  extent  of  the  latter  is  many  times  reflected  in  a  lower 
volume  fraction  for  mechanical  percolation  (e— O)  than 
electrical  percolation.  Systematic  exploration  of  this  complex 
processing  space  to  produce  hierarchical  structures  by 
inducing  particle  orientation  and  particle  deformation,  as  well 
as  transferring  insights  from  shear  thinning  (pseudo-plastic) 
and  shear  thickening  (dilatant)  fluids,  is  still  in  its  infancy. 

Electric  and  Magnetic  Fields.  The  morphological  origins 
of  stiffening  of  rheological  fluids,  such  as  electro-  (ER)  and 
magneto-  (MR),  provide  a  perspective  on  the  possibilities 
for  externally  applied,  spatially  patterned,  electrical,  and 
magnetic  fields  for  complex  PNC  fabrication.  Under  the 
electric  field,  particulate  additives,  such  as  oxides  or  metals, 
reversibly  form  fibrous  structures  within  the  nonconducting 
fluid.  These  controlled  aggregates  are  parallel  to  the  applied 
field  and  can  increase  the  viscosity  of  the  ER  fluid  by  a  factor 
of  up  to  105.74  Similar  morphologies  are  found  for  magne- 
torheological  fluids  where  particle— particle  interactions, 
which  arise  from  induced  magnetic  dipoles,  lead  to  chaining 
and  subsequently  long-range,  periodic  ordering  of  the  particle 
chains  parallel  to  the  lines  of  magnetic  flux.75  Gradients  of 
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Figure  6.  Transmission  electron  micrographs  from  Park  et  al.69  of  a  biaxially  protruded  and  then  drawn  film  of  nylon  6/montmorillonite  nanocomposite 
perpendicular  (left)  and  parallel  (right)  to  the  draw  direction  demonstrating  buckling  of  the  nanolayers.  Reprinted  with  permission  from  ref  69.  Copyright 
2005  American  Chemical  Society. 


magnetic  or  electric  fields  also  generate  lateral  forces  that 
can  be  used  to  pattern  nanoparticles.  For  example,  electro¬ 
phoresis  approaches  have  been  extensively  developed  in  the 
biological  community  for  nucleic  acid  and  protein  purifica¬ 
tion76  and  di-electrophoresis  for  nanofabrication  to  align 
particles  between  electrodes  or  trap  nanoparticles  in  specific 
regions.77  Also,  local  instabilities  at  the  interface  between 
two  fluids  can  be  enhanced  with  applied  electrical  or 
magnetic  fields,  providing  a  means  to  control  the  growth  of 
certain  Fourier  components  of  the  spatial  frequency  of  the 
composition  modulation.78,79 

Even  with  these  proven  successes  though,  direct  applica¬ 
tion  to  large-scale  PNC  production  is  challenging.  Generating 
reconfigurable  gradients  in  three  dimensions  with  micrometer 
(or  sub-micrometer)  features  requires  complex  tooling  with 
reconfigurable,  patterned  electrodes.  As  particle  size  de¬ 
creases,  the  fields  necessary  to  overcome  thermal  randomiza¬ 
tion  increase  considerably,80,81  and  may  approach  the  break¬ 
down  strength  of  the  matrix.  This  drastically  limits  sample 
thickness.  Also  anisoptropic  particles  (rods  and  plates) 
drastically  increase  the  complexity  (and  predictability)  of 
field  response  with  respect  to  the  more  commonly  used 
spherical  shapes.  Finally,  for  thermoplastics,  high  viscosity 
results  in  long  mass  transport  times,  even  over  short  sub- 
micometer  distances.  Nevertheless,  adaptations  of  these 
concepts  to  PNCs,  especially  thermosets  where  order  can 
be  “stabilized”  via  postprocessing  polymerization,  are  now 
providing  intriguing  possibilities  to  move  beyond  uniaxial 
alignment. 

As  an  example,  Koerner  and  co-workers63  exploited  the 
orthogonal  magnetic  susceptibility  of  montmorillonites 
(MMTs)  from  different  mineral  deposits  to  fabricate  a  three- 
dimensional  morphology  composed  of  orthogonal  alignment 
of  aluminosilicate  layers  using  a  uniaxial  external  magnetic 
field.  Depending  on  the  source,  MMTs  exhibit  remnant 
magnetization  arising  from  antiferro-  and  ferrimagnetic 
impurities  and  align  with  layers  parallel  or  perpendicular  to 
the  field,  Figure  7.  Within  a  few  minutes,  application  of  static 
magnetic  fields  (1.2  or  11.7  T)  induces  stable  alignment  of 
organically  modified  MMT  within  an  epoxy  resin  at  room 
temperature.  Structural  relaxation  in  the  absence  of  the  field 
is  orders  of  magnitude  slower,  enabling  the  alignment  to  be 


c)  FFT  -  2.4  grti  by  2.4  pm  region  db  SAXS  -MOD  pm  region 


Figure  7.  Magnetic  alignment  of  an  equal  mixture  of  two  octadecyl 
ammonium  modified  montmorillonites  (SC  18  and  NCI 8)  in  epoxy  (6  wt 
%  total).63  High-resolution  transmission  electron  micrograph  of  regions  of 
the  nanocomposite  with  (a)  SC  18  layers  parallel  to  and  (b)  NCI 8  layers 
perpendicular  to  the  applied  magnetic  field,  (c)  Digital  Fourier  transforma¬ 
tion  of  a  transmission  electron  micrograph  of  a  2.4  fim  x  2.4  jum  area 
showing  correlation  peaks  arising  from  the  independently  aligned  mont- 
mollinites.  (d)  Small-angle  X-ray  pattern  showing  a  four-point  pattern  caused 
by  orthogonally  aligned  MMT  tactoids. 


captured  during  the  subsequent  cure.  This  could  offer  a 
pathway  to  a  viable  manufacturing  technology.  Thermal 
mechanical  measurements  demonstrate  that  this  morphology 
manipulation  impacts  the  coefficient  of  thermal  expansion 
(CTE),  decreasing  CTE  by  an  additional  20—30%  in  the 
direction  of  maximum  MMT  alignment  with  respect  to  that 
of  the  isotropic  PNC.  This  example  demonstrates  that  through 
the  use  of  two  or  more  nanoparticles  with  different  suscep¬ 
tibilities  to  the  externally  applied  field,  the  complexities 
associated  with  applying  non-uniaxial  fields  to  the  sample 
could  be  overcome.  In  support  of  this  concept,  aligned  arrays 
along  the  electric  field  direction  of  binary  blends  of  silver 
and  silver  oxide  nanoparticles  (~8.5  nm)  in  poly  (methyl 
methacrylate)  film  has  recently  been  demonstrated,82  provid- 
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in g  further  glimpses  at  the  possibilities  for  complex  internal 
structures  when  nanoparticle  blends  are  used.  Other  reports 
discussing  CNTs  in  magnetic  fields83  and  electric  fields84 
are  available.  Comparable  results  have  also  been  reported 
for  electric  field  assisted  alignment  of  MMT  in  epoxy.65  As 
with  dual  frequency  liquid  crystals,  frequency-dependent 
differences  in  the  direction  and  magnitude  of  the  induced 
dipole  on  anisotropic  nanoparticles  may  afford  benign  tuning 
of  the  distribution;85  however,  this  has  yet  to  be  demonstrated. 

In  addition  to  directional  reinforcement  to  maximize 
thermal-mechanical  stability,  these  processing  approaches 
provide  avenues  to  create  polymer  nanocomposites  with 
uniquely  tailored  dielectric  (e  =  €  +  ie")  properties  for 
sensors  as  well  as  electronics  and  power  applications.  The 
addition  of  nanoparticles  have  been  shown  to  increase 
dielectric  breakdown  strength  and  durability  of  polymers 
under  extreme  electric  fields,  opening  new  possibilities  for 
ultrahigh-energy  density  capacitors  with  microsecond  dis¬ 
charge  rates  and  ultradurable  electrical  insulation  materi¬ 
als,8687  especially  in  consideration  of  the  availability  of 
anisotropic  oxide  nanocrystals  with  inherently  large  dielectric 
constants,  such  as  ZnO  and  BaTi03.  Also,  these  approaches 
may  provide  the  necessary  control  to  create  aligned  yet 
internally  interrupted  metal  nano  strands  within  an  insulating 
matrix.  Saha  and  Chakravorty  have  argued  that  these 
nanostructures  exhibit  very  low  internal  depolarization  field 
and  thus  exhibit  a  Gor’kov-Eliashberg  effect,  yielding  e  from 

1Q5  _  IQlO  88,89 

Optical  Fields.  Holographic  photopolymerization  has  also 
been  shown  as  a  viable  nanoparticle  directing  tool,  creating 
periodic,  multidimensional  arrangements  of  gold  nanopar¬ 
ticles,  colloids,  layered  silicates,  Ti02,  Zn02,  and  CdSe.90-92 
Interference  of  two  or  more  coherent  laser  beams  within  a 
photoreactive  monomer  syrup  results  in  a  periodic  intensity 
distribution  that  initiates  a  self-similar  periodic,  polymeri¬ 
zation  process.  A  higher  intensity  results  in  a  locally  faster 
polymerization  rate.  This  distribution  in  polymerization  rate 
causes  a  spatially  periodic  distribution  of  high  molecular 
weight  polymer,  which  changes  over  time.  The  temporal 
evolution  of  the  polymer  can  locally  induce  phase  transitions, 
such  as  demixing,  or  result  in  mass  flow,  which  concentrates 
(or  traps)  nanoparticles  in  regions  of  low  (or  high)  intensity 
depending  on  particle  size  and  surface  reactivity.  Figure  8 
summarizes  one  such  fabricated  structure  generated  using 
two-beam  interference  lithography— planes  of  gold  nanopar¬ 
ticles  oriented  perpendicular  to  the  film  surface.  More 
complex  structures  paralleling  those  demonstrated  for  ho¬ 
lographic  polymer  dispersed  liquid  crystals93’94  should  be 
possible  with  four-  and  six-beam  holography,  such  planar 
trigonal  and  orthogonal  lattices  with  parallel  rods,  or  three- 
dimensional  cubic  or  orthorhombic  P  structures.  These  more 
complex  structures  are  of  intense  interest  for  technologies 
utilizing  photonic  crystals  (PCs)  and  photonic  band  gap 
materials,  such  as  switchable  filters,  laser  cavities,  super¬ 
prisms,  omnidirectional  reflectors,  and  platforms  for  optical- 
based  chemical  sensing.  Single-step  holographic  routes  to 
PCs  that  enable  precise  arrangement  of  optoelectronic 
nanoparticles,  such  as  quantum  dots  or  plasmonic  metallic 
particles,  with  electrooptic  constituents,  such  as  liquid 
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Figure  8.  Holographic  photopolymerization  patterning  of  gold  nanoparticles 
in  an  arcrylate  resin.90  The  transmission  electron  micrograph  shows  a  cross- 
section  of  planes  of  gold  nanoparticles  on  an  ~450  nm  period  that  are 
oriented  perpendicular  to  the  substrate.  The  planes  of  Au  nanoparticles  span 
the  10  jum  film  thickness.  The  inset  shows  an  optical  confocal  microscopy 
image  of  the  surface  of  the  transmission  grading  formed  by  these  patterned 
gold  nanoparticles. 

crystals,  would  provide  exciting  alternatives  to  multistep 
template  and  infiltration  fabrication  concepts.  Initial  efforts 
along  these  lines  are  beginning  to  be  reported.95’96  Many  other 
applications  predicated  on  the  ability  to  simultaneously 
control  periodic  structures  and  complex  nano-  and  micro¬ 
structures  can  be  envisioned,  ranging  from  tailored  mem¬ 
branes  for  separation  and  catalysis  to  unique  tissue  scaffolds, 
vibration  isolation  mounts,  and  phononic  crystals. 

Multicomponent  Interfacial  Systems.  Immiscibility  is 
common  in  many  multicomponent  systems,  both  polymers 
and  nanoparticles.  The  interface  between  the  immiscible 
phases  affords  opportunity  for  structural  organization  of 
nanoparticles.  Conceptually,  this  derives  from  a  common 
approach  to  compatibilization  of  immiscible  blends— the 
addition  of  a  small  quantity  of  a  third  component  that  is 
miscible  with  both  phases  (cosolvent),  has  an  interfacial 
energy  with  each  of  the  two  constituents  that  is  less  than 
that  between  the  constituents  individually,  or  is  a  structured 
amphiphile  whose  sections  are  miscible  with  each  component 
respectively.97  The  additive  is  designed  such  that  segregation 
to  the  interface  is  energetically  favorable.  The  process  leads 
to  reduction  of  the  interfacial  tension,  facilitating  refinement 
of  the  phase  domains;  stabilization  of  the  morphology  against 
high  stress  and  strain  processing  (e.g.,  in  injection  molding); 
and/or  enhancement  of  adhesion  between  the  phases  in  the 
solid.  The  distribution  of  interfacial  regions  within  the  final 
materials  depends  on  process  history  and  thus  provides  a 
means  of  tailoring  the  macroscopic  arrangement  of  nano¬ 
particles. 

As  an  example,  layered  silicates  have  been  discussed  as 
compatibilizers  for  immiscible  polymer  blends,  and  thus 
demonstrating  the  potential  to  sequester  at  the  interface.98’99 
Ahn  et  al.98  observed  that  when  a  very  small  amount  of 
organoclay  (1%)  is  added  to  an  immiscible  polyethylene— 
polybutylene  terephthalate  blend,  the  organoclay  is  located 
at  the  interface  and  the  organoclay  tactoids  are  disrupted  into 
thinner  tactoids  of  some  tens  of  nanometers.  The  presence 
of  organoclay  at  the  interface  hydrodynamically  stabilizes 
the  blend  morphology  by  suppressing  the  coalescence  of  the 
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Figure  9.  (a)  Photograph  of  the  self-assembled  Au  nanoparticles  at  the 
water/toluene  interface  in  a  plastic  Eppendorf  tube  from  Mohwald  et  al.104 
The  tube  has  been  titled  such  that  the  colored  area  corresponds  to  the  water/ 
toluene  interface,  (b)  TEM  image  (scale  bar,  500  nm)  of  the  monolayer  of 
12  nm  Au  nanoparticles  formed  at  the  water/toluene  interface.  Inset:  high- 
magnification  TEM  picture  (scale  bar,  25  nm).  Reprinted  with  permission 
from  ref  104.  Copyright  2004  Wiley- VCH. 

droplets  and  also  makes  the  two-phase  polymer  blend 
morphology  more  thermally  stable.  Sequestering  montmo- 
rillonite  at  the  interface  in  immiscible  polystyrene/polypro¬ 
pylene  blends  has  also  been  observed.100 

Pickering  emulsions  (emulsions  stabilized  by  solid  par¬ 
ticles)  using  nanoparticles  also  offer  interesting  possibilities. 
Pickering  emulsions  are  encountered  in  various  natural  and 
industrial  processes  such  as  crude  oil  recovery,  oil  separation, 
cosmetic  preparation,  and  wastewater  treatment.  An  initially 
high  interfacial  energy  between  two  phases,  such  as  oil  and 
water,  can  be  decreased  by  the  assembly  of  the  particles  at 
the  interface.101,102  The  decrease  in  surface  energy  favors  the 
formation  of  a  monolayer  of  nanoparticles  located  at  the 
interface,  Figure  9.  Additionally,  the  relatively  low  viscosity 
of  the  two  phases  implies  the  process  is  highly  dynamic, 
which  enables  errors  (defects)  to  be  corrected  rapidly.  Russell 
and  co-workers103  estimated  that  the  stabilization  energy,  A E, 
decreases  as  r2,  where  r  is  the  radius  of  the  particle.  For  a 
water/oil  mixture,  A E  ~  1  x  IO^bT  for  100  nm  particle 
and  A E  ~  1  x  10 lk^T  for  1  nm  particle.  Using  CdSe 
nanoparticles  of  two  different  radii  (2.7  and  4.6  nm),  they 
not  only  showed  CdSe  segregation  to  the  interface  of  an  oil— 


water  droplet  but  a  preferential  adsorption  of  the  larger 
particle.  Mohwald  and  co-workers104  have  created  close- 
packed  nanoparticle  layers  and  nanoalloys  using  Au,  A g,  or 
y-Fe203.  Robust  and  water  dispersible  colloidosomes  with 
shells  predominantly  composed  of  monolayers  of  liquid-like, 
close-packed  magnetite  nanoparticles  has  also  been  created 
through  the  gelation  of  an  aqueous  phase  with  agarose  after 
assembly  of  magnetite  nanoparticles  at  the  interface.105  Ashby 
and  Binks106  reported  Pickering  emulsions  using  laponite. 
Additionally,  A,A-dimethylformamide— water  interface  has 
been  used  to  assemble  carbon  nanotube— metal  nanoparticle 
composite  materials;107  and  aqueous  acrylamide  (AAm)  or 
2-hydroxyethyl  methacrylate  (HEMA)  in  cyclohexane  sta¬ 
bilized  by  hydrophobic  Cloisite  20A  (MMT20)  lead  to 
polymer— clay  nanocomposite  latex  particles.108 

The  ability  to  arbitrarily  tune  the  surface  properties  of  the 
nanoparticle  increases  the  range  of  potential  two-phase 
systems  and  morphologies  amenable  to  interfacial  sequestra¬ 
tion.  Recent  efforts  on  mixed  surfactant  passivation  have 
demonstrated  this  potential.  For  spherical  particles,  mixtures 
of  polymers109  or  organic  molecules110  as  passivation  yielded 
nanoparticles  with  amphiphilic  character.  These  Janus-like 
nanoparticles  can  spontaneously  assemble  into  higher-order 
organic— inorganic  structures,  such  as  cylindrical  micelles.111 
In  many  regards,  this  conceptually  parallels  substantial 
synthetic  work  on  multiarm  miko  (heteroarm)  polymers.112’113 

In  general  multicomponent  interfacial  systems  share  many 
common  features  with  nanoparticle  sequestration  in  meso- 
phases  discussed  below,  differing  mostly  in  the  composition 
and  morphology  of  the  polymer  media,  the  density  of  the 
interfacial  area,  and  the  number  density  of  nanoparticles. 

Mesophase  Assembly  of  Nanoparticles 

Although  in  principle  directed  patterning  of  nanoparticle 
dispersions  provides  access  to  any  arbitrary  geometry, 
manufacturing  complexities  establish  practical  limits  on  the 
thickness  and  volume  of  the  material  impacted.  These  include 
the  excessive  time  for  pattern  development  in  highly  viscous 
media  such  as  polymers,  complex  external  tooling  with 
vibration  isolation  to  maintain  structural  precision  on  the  sub¬ 
micrometer  scale  for  nonbatch  manufacturing,  and,  in  some 
instances  (electrical  and  optical),  uniformly  achieving  the 
energy  density  requirements  throughout  thicker  (>100  fim) 
samples.  To  complement  direct  patterning  of  nanoparticle 
dispersion  (DPND)  approaches,  the  inherent  organization 
derived  from  a  thermodynamically  well-defined  phase  pro¬ 
vides  an  alternative  approach  to  the  fabrication  challenge. 

The  phase  behavior  of  hard-body  particles  has  been 
extensively  developed  and  serves  as  a  starting  point  from 
which  the  properties  of  nanoparticle— polymer  combinations 
can  be  considered.114-116  These  idealized  systems  are  defined 
when  the  constituent  particles  interact  exclusively  through 
short-ranged  repulsive  forces  at  the  point  of  particle  contact, 
with  no  dissipative  behavior.  For  angular  particulates  whose 
shape  deviates  significantly  from  spherical,  entropically 
driven  excluded  volume  effects  give  rise  to  a  wide  range  of 
complex  ordering  and  phase  behavior  including  the  isotropic— 
nematic  phase  transition  in  liquid  crystalline  systems.117  The 
increased  local  order  within  the  nematic  phase  increases  the 
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Figure  10.  Simplified  schematic  representations  of  the  phase  diagrams 
for  both  spherical  (a)  and  rodlike  particles  (b)  of  volume  fraction,  </>, 
dispersed  in  a  polymer  of  reduced  concentration,  c*.  Spherical  particles  at 
low  concentration  may  be  highly  dispersed  with  little  agglomeration  (i). 
As  the  concentration  rises  depletion  forces  become  increasingly  important 
and  give  rise  to  agglomeration  and  phase  separation  (i  +  x).  As  seen  in  b, 
the  situation  for  rodlike  particles  is  considerably  more  complex  in  that  even 
very  small  concentrations  of  rods  can  give  phase  separation,  extended  two- 
phase  coexistence  regions,  and  critical  phenomena.  Orientational  corre¬ 
lations  result  in  the  formation  of  a  nematic  phase  (n),  which  for  various 
volume  fraction  of  rods  may  be  in  equilibrium  with  the  lower  volume 
fraction  isotropic  phase  (i)  as  well  as  the  higher  volume  fraction  aggregate 
structures  (x). 

number  of  translational  and  rotational  eigenstates  within  the 
system  giving  rise  to  a  spontaneous  entropcially  driven  tran¬ 
sition  with  negative  free  energy.  The  phase  behavior  of  such 
systems,  including  rods  and  discotics  (discs),  are  critically 
important  to  a  broad  range  of  technologies  such  as  liquid 
crystals,  high-performance  polymers,  and  biomolecules. 
Temperature  dependence  and  phase  behavior  of  such  systems 
have  been  treated  theoretically  via  the  early  formulations  of 
Flory  and  Abe118  and  Onsager,119  and  more  recently  by  de 
Gennes  and  Proust.120 

These  general  topological  considerations  imply  nanopar¬ 
ticle— polymer  (or  reactive  monomer)  blends  conceptually 
will  show  a  great  structural  richness  with  the  possibility  to 
form  a  variety  of  exotic  phases.  Not  only  do  the  usual 
enthalpic  and  entropic  interactions  contribute  to  the  chemical 
potentials,  but  now  the  topological  constraints  imposed  by 
size  and  geometry  and  the  added  complexity  of  surface 
interactions  in  what  are  thermodynamically  small  systems 
need  to  be  taken  into  account.  Subtle  changes  in  any  of  these 
parameters  may  tip  the  balance,  causing  major  perturbation 
on  the  locus  of  the  curve  of  equal  chemical  potential,  Figure 
10.  For  a  realistic  nanoparticle— fluid  system,  the  extent  of 
the  immiscibility  window  between  a  low-  and  high-volume 
fraction  nanoparticle  phase  will  depend  on  numerous  inter¬ 
related  contributions  to  the  free  energy  in  addition  to  the 
configurational  entropy  of  the  constituents.  These  include 
intermolecular  interactions  as  well  as  the  relative  impact  of 


mixing  on  the  internal  degrees  of  freedom  of  the  constituents 
(e.g.,  chain  conformation).  Additionally,  the  experimentally 
accessible  region  in  this  phase  space  will  depend  on  the 
magnitude  of  the  intensive  variables  (temperature,  pressure, 
and  chemical  potential,  etc.),  polydisperity  of  the  constituents, 
and  kinetic  considerations  such  as  gelation. 

The  possibilities  afforded  by  discrete  phase  behavior  of 
polymer  nanocomposite  systems  may  be  systematically 
considered  on  the  basis  of  how  the  polymer  and  nanoparticle 
are  combined  to  form  the  constituents  of  the  mixture.  To 
contrast  the  morphologies  created  by  traditional  nanoparticle 
dispersion,  we’ll  discuss  three  general  types:  nanoparticle— 
macromolecular  systems  comprised  of  nanoparticles  within 
a  complex  fluid,  such  as  linear  polymers,  block  copolymers, 
dendrimers,  or  liquid  crystals;  structured  block  nanparticles 
that  are  analogous  to  block  copolymers  or  macomolecular 
stars,  but  where  one  “block”  or  the  core  is  the  nanoparticle 
and  the  other  block  or  arms  is  a  polymer;  and  nanoparticle— 
nanoparticle  systems  containing  mixtures  of  nanoparticles 
of  various  sizes  and  shapes  with  organic  or  macromolecular 
coronas. 

Nanoparticle— Macromolecular  Systems.  The  examina¬ 
tion  of  the  phase  behavior  of  nanoparticle  dispersion  in  small 
molecule  or  macromolecule  medium  is  rapidly  expanding. 
Approaches  range  from  ordered  phases  arising  from  the 
combination  of  functional  nanoparticles  and  linear  polymer 
to  the  use  of  the  phase  structure  of  a  block  copolymer  to 
template  nanoparticle  organization. 

The  similarity  between  the  size  of  the  nanoparticle  and 
the  chain  results  in  coupling  between  the  configurations  of 
the  constituents  (mixing  entropy),  the  internal  degrees  of 
conformational  freedom  of  the  polymer,  and  intermolecular 
and  interparticle  interactions.  This  complicates  the  unam¬ 
biguous  development  of  models  to  predict  nanoparticle 
dispersion  and  phase  behavior.  Nevertheless,  the  importance 
of  various  factors  is  beginning  to  be  more  widely  appreciated. 
Hooper  and  Schweizer121,122  as  well  as  Zhong  et  al.123  argue 
that  for  athermal  mixtures  that  there  exists  oscillatory 
depletion  forces  between  two  hard  spheres  due  to  monomer- 
level  packing  correlations  and  the  key  geometric  variable 
determining  nanoparticle  aggregation  in  flexible,  high  mo¬ 
lecular  weight  polymers  is  the  ratio  of  particle  to  monomer 
diameter.  Thus,  purely  athermal  mixtures  of  polymers  and 
nanoparticles  may  be  macroscopically  phase- separated  at 
equilibrium,  requiring  attractive  polymer— particle  interac¬ 
tions  to  achieve  miscibility.  Recently,  simple  thermodynamic 
arguments  based  on  a  Flory  formulation  of  the  free  energy 
provided  a  framework  to  Mackay  and  co-workers  to  explain 
the  miscible— immiscible  boundary  for  a  C6o— polystyrene 
system.124  The  formulation  included  distortion  of  the  polymer 
chain  configuration  by  nanoparticles  and  a  relative  increase 
in  accessible  surface  area  of  the  nanoparticle  due  to  packing 
considerations  within  the  nanoparticle  aggregate.  These 
factors  lead  to  a  maximization  of  the  miscibility  window  for 
an  optimal  nanoparticle  size.  Finally,  Ginzburg  and  Balasz 
combined  self-consistent  field  theory  (SCFT)  with  density 
functional  theory  to  calculate  the  equilibrium  behavior  of 
polymer— clay  mixtures,  demonstrating  the  potential  to  form 
isotropic,  nematic,  smectic  (lamellar),  columnar,  crystal,  and 
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Figure  11.  (a— g)  Phase  behavior  of  aqueous  suspensions  of  H3Sb3P20i4 
single-layers  from  Gabriel  et  al.128  observed  between  cross-polarizers  (the 
isotropic  phase  appears  dark):  (a)  2  mL  of  birefringent  gel  phase  (0  = 
1.98%;  topological  defects  are  so  dense  that  the  texture  appears  homoge¬ 
neous  at  the  scale  of  the  photograph);  (b)  2  mL  of  birefringent  fluid  phase 
(0  =  0.93%);  (c)  2  mL  of  a  biphasic  sample  with  an  overall  volume  fraction 
0  =  0.65%;  (d)  2  mL  of  a  biphasic  sample  with  an  overall  volume  fraction 
0  =  0.03%;  (e  and  f)  magnetically  aligned  sample  observed  in  a  5  mm 
NMR  tube  that  has  been  immersed  10  min  in  a  18.7  T  field  at  50  °C,  in 
two  different  orientations  compared  to  the  polarizer/analyzer  system 
represented  by  arrows  (0  =  0.75%);  (g)  sample  iridescence  (0  =  0.75%) 
observed  in  natural  light  and  due  to  light  scattering  by  the  H3Sb3P20i4  layers 
stacked  with  a  period  of  225  nm.  Reprinted  with  permission  from  ref  128. 
Copyright  2001  Nature  Publishing  Group. 


plastic  solid  (house-of-cards),  as  well  as  a  two-phase 
(immiscible),  mixtures.125  They  also  examined  the  impact 
of  surface  architecture  (tethering  density,  molecular  weight, 
and  composition)  of  polymers  end-tethered  to  the  clay 
surface.  126Most  of  these  predictions  though  have  yet  to  be 
systematically  investigated  in  experimental  montmorillonite— 
thermoplastic  systems. 

Experimentally,  however,  the  occurrence  of  complex 
mesophases  of  nanoparticle  dispersions  is  well-established, 
although  most  systems  examined  to  date  are  in  a  small 
molecule  medium.  For  example,  experimental  phase  dia¬ 
grams  have  been  reported  for  so-called  lyotropic,  inorganic 
liquid  crystals.127  Mesophase  formation  has  been  reported 
for  molecular  nano  wires,  tubes,  ribbons,  and  rods  (Fi2Mo6- 
Se6,  imogolite,  Nb2PSio,  V2O5,  boehmite  (y-AlOOH),  aka- 
ganeite  (/3-FeOOH),  goethite  (a-FeOOH))  and  nanoplatelets 
and  disks  (smectic  clays,  H3Sb3P20i4,  gibbsite  (Al(OH)3), 
and  Ni(OH)2),  Figure  ll.128  Experimental  phase  diagrams 
also  take  into  consideration  limits  due  to  gelation  and 
aggregation.129  Alivisatos  and  co-workers  have  reported 
similar  behavior  for  CdSe  quantum  rods  in  anhydrous 
cyclohexane,  with  anticipated  applications  for  electrooptic 
devices.130  Finally,  taking  inspiration  from  dryjet  wet¬ 
spinning  of  liquid  crystalline  rigid-rod  polymers,  such  as 
poly(p-phenylene  benzobisoxazole)  in  poly  (phosphoric  acid), 
Davis  et  al.  have  demonstrated  the  two-phase  “Flory” 
chimney  between  isotropic  and  nematic  phases  for  solutions 
of  purified  single- wall  carbon  nanotubes  in  superacids,  such 
as  oleum.131  As  with  the  rigid-rod  polymers,  fiber- spinning 
from  the  nematic  phase  results  in  a  higher  degree  of 
molecular  order  along  the  fiber  axis.  In  all  of  these  cases, 
the  mesophase  could  be  captured  in  a  solid  monolith  by 
replacing  the  fluid  media  with  a  chemically  reactive  media, 
although  investigations  along  these  lines  are  minimal.  In 
general,  these  morphologies  are  mostly  nematic,  however, 
lacking  order  beyond  uniaxial.  Nevertheless,  these  observa¬ 
tions  establish  a  parallel  to  liquid  crystal  technology,  point 
to  the  potential  for  higher  order  mesophases,  and  afford  yet 
to  be  explored  opportunities  for  processing  and  properties 
of  PNCs. 


Figure  12.  Transmission  electron  microscopy  images  from  Fredrickson  et 
al.136  of  /ps  =  0.50  PS-P2VP  diblock  nanocomposite  containing  PS- 
functionalized  Au  particles  with  particle  volume  fraction  (a)  =  0.10  and 
(b)  =  0.35.  Total  particle  size  including  the  PS  shell  is  2.6  times  that  of  the 
Au  cores  seen  as  black  dots  in  the  TEM  images.  Hybrid  particle  field 
simulation  results  (right  column)  show  monomer  volume  fractions  repre¬ 
senting  PS  (light),  P2VP  (dark),  and  particles  (black).  Simulation 
parameters:  /ps  =  0.5,  Flory  parameter  (x)  for  PS-P2VP  diblock  x  —  0.16, 
X  =  0.16,  and  particle  area  fraction  =  0.04  (c)  and  =  0.18  (d).  The 
particle  configurations  shown  are  representative  of  those  obtained  on  the 
basis  of  several  independent  runs  for  a  given  nanoparticle  density.  Reprinted 
with  permission  from  ref  136.  Copyright  2006  The  American  Physical 
Society. 


Paralleling  nanoparticle  dispersions  within  a  homopolymer 
or  organic  media,  sequestration  of  the  nanoparticle  within 
one  region  of  a  single-component  complex  fluid,  such  as  a 
block  copolymer,  has  been  demonstrated  as  a  relatively  facile 
route  to  many  complex  morphologies.132-135  Fredrickson  and 
co-workers  have  utilized  a  self-consistent  field  theory  in 
which  particle  coordinates  and  chemical  potential  field 
variables  are  simultaneously  updated  in  the  simulation.136  The 
fluid  model  can  contain  polymers  of  arbitrary  chemical  and 
architectural  complexity,  along  with  particles  of  all  shapes, 
sizes,  and  surface  treatments.  The  initial  simulations  of 
poly  styrene-poly  (2- vinylpyridine)  (PS-P2VP)  containing 
PS -functionalized  Au  nanoparticles  paralleled  experimen¬ 
tal  data,  Figure  12. 132  Additionally,  increasing  Au-particle 
density  drove  the  structure  from  the  hexagonal  to  lamella 
phase;  however,  the  SCFT  results  (two-dimensional)  under¬ 
estimated  the  particle  density  at  the  morphological  tran¬ 
sitions.  Many  experimental  analogues  to  the  Au—  PS-P2VP 
system  are  available  including  CdSe  nanoparticles  in  PS- 
P2VP133  and  montmorillonites  in  polystyrene-polybu- 
tadiene-polystyrene  (SBS)  triblock.134  Overall,  the  architec¬ 
ture  and  composition  of  the  corona,  as  well  as  particle 
size,  provide  fine  control  of  the  location  of  the  nanoparticle 
within  the  preferred  domain.135  By  tuning  the  nanopar¬ 
ticle  so  that  they  prefer  the  interface  between  the  chains  of 
the  block,  Kramer  and  co-workers  have  been  able  to 
drive  phase  transition  of  the  diblock  from  lamellar  to 
bicontinuous.137 
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Figure  13.  Predicted  mesophases  of  single-component  melts  of  structured  block  nanoparticles  by  Glotzer  et  al.140  (Left)  Hexagonal  columnar  (cylinder) 
phase  formed  from  edge-tethered  disks.  The  disks  are  tilted  with  respect  to  the  interfacial  normal.  (Middle)  Lamellar  phase  formed  from  face-tethered 
hexagonal  disks.  The  disks  pack  hexagonally  within  the  sheet.  (Right)  Hexagonal  columnar  phase  formed  where  tethers  are  attached  to  the  three  vertices  of 
a  triangular  plate.  The  triangles  form  a  twist  about  the  cylindrical  axis. 


Structured  Block  Nanoparticles.  Contrasting  two- 
component  systems  where  one  is  the  nanoparticle  and  the 
other  is  the  macromolecule,  structured  block  nanoparticles 
are  monolithic  structures  where  the  nanoparticle  and  mac¬ 
romolecule  are  coupled  in  a  controlled  and  reproducible 
fashion.  The  phase  behavior  of  these  structured  single 
components  is  exemplified  by  block  copolymers138  or  liquid 
crystal  polymers.139  For  example,  depending  on  the  archi¬ 
tecture  (A:B  length  ratio)  and  composition  (intermolecular 
interactions)  of  the  two  chains  in  an  AB  diblock  copolymer, 
microphase  separation  leads  to  many  morphologies,  including 
spheres,  cylinders,  lamellae,  and  bicontinous  structures 
(double-diamond,  perforated-lamellar).  Recently,  Glotzer  and 
co-workers  examined  the  phase  behavior  of  amphiphiles 
consisting  of  nanoparticles  of  various  shapes  with  a  finite 
number  and  position  of  surface-tethered  polymers  using 
Brownian  dynamics  of  coarse  grain  particle  and  linear  bead¬ 
spring  chains  (FENE  potential).140  Figure  13  summarizes 
some  of  the  intriguing  possibilities  for  symmetrically  func¬ 
tionalized  building  blocks.  Currently,  the  synthetic  control 
to  make  these  “building  blocks”  with  sufficient  precision  is 
still  being  developed.  However,  significant  strides  toward 
the  controlled  synthesis141-143  and  purification144  of  multi¬ 
valent  nanoparticles,  which  would  enable  spatially  and 
numerically  defined  coupling  of  polymer  chains  to  the 
nanoparticle,  are  continually  being  reported.  For  example, 
Banin  and  colleagues141  have  demonstrated  the  single-phase 
synthesis  of  hybrid  metal— semiconductor  nanoparticles,  such 
as  symmetric  two-sided  Au-tipped  CdSe  nanorods  (nano¬ 
dumbbells  (NDBs))  or  asymmetric  one-sided  Au-tipped  rods. 
Dumbbell-like  Au— FQ3O4  Janus  nanoparticles  were  synthe¬ 
sized  using  decomposition  of  Fe(CO)5  on  the  surface  of  the 
Au  nanoparticles  followed  by  oxidation  in  1-octadecene 
solvent.142  Giannelis  and  co-workers  have  begun  developing 
synthetic  approaches  to  create  monolithic  nanoparticle  liquids 
through  judicious  selection  of  the  organic  corona.145  Roan 
demonstrated  that  end-grafted  immiscible  homopolymers  can 
confer  multi  valence  to  nanoparticles,  resulting  in  soft  nan- 
opolyhedra  with  structures  identical  to  those  found  in  small 
clusters  of  colloidal  microspheres.146  Krishnamoorti  and 
Matyjaszewski  have  begun  exploring  the  phase  behavior  of 
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Figure  14.  Transmission  electron  micrograph  of  a  two-dimensional 
assembly  of  silica  nanoparticles  with  surface-grafted  poly(methyl  meth- 
acylate)-poly(n-butyl  acrylate)  (PMMA-PBA)  block  copolymer  (50:50  PBA: 
PMMA,  MW  ~  80  K,  inner  block  of  PBA).147  Scale  bar  is  100  nm. 


nanoparticles  with  macromolecular  corona’s  consisting  of 
surface-grafted,  strongly  segregating  diblock  copolymers, 
Figure  14. 147  In  parallel  with  the  synthetic  tools,  others,  such 
as  Landman  and  Luedtke,  are  beginning  to  explore  the 
implications  of  the  hard— soft  periodicity  of  these  assemblies 
on  their  thermal  and  mechanical  properties.148 

Nanoparticle— Nanoparticle  Systems.  Conceptually  fol¬ 
lowing  blends  of  nanoparticles  with  linear  chains,  combina¬ 
tions  of  different  structured  nanoparticles  will  provide 
additional  routes  to  even  more  complex  morphologies 
reminiscent  of  atomic  crystal  structures.  The  possibilities  are 
exemplified  by  prior  work  on  colloidal  crystals  and  nano¬ 
particle  superstructures. 

It  is  noteworthy  that,  even  for  a  simple  example  of  binary 
mixtures  of  hard  spheres,  complex  superlattice  structures  are 
predicted  to  occur  for  specific  size  ratios  and  have  been 
observed  for  classic  micrometer-scale  colloids.149-152  Equi¬ 
librium  phases  with  schoichiometry  of  AB2  and  ABi3  and 
with  upward  of  1 12  spheres  per  unit  cell  can  form  due  solely 
to  entropic  considerations,  that  is,  due  to  maximization  of 
the  nanoparticle  packing  density.  Murray  and  co-workers 
have  recently  demonstrated  comparable  structures  for  binary 
nanoparticle  blends,  Figure  15. 153,154  These  recent  efforts  have 
also  indicated  that  not  only  does  electrical  charges  on 
sterically  stabilized  nanoparticles  determine  the  superlattice 
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Figure  15.  Transmission  electron  micrograph  and  sketches  of  AB13 
superlattices  (isostructural  with  intermetallic  phase  NaZn^;  space  group, 
226)  of  11  nm  y  -Fe203  and  6  nm  PbSe  nanocrystals  from  Murray  et  al.153 
AB13  unit  cell  depicted  is  built  up  of  eight  cubic  subunits. 

stoichiometry;  additional  contributions  from  van  der  Waals, 
steric,  and  dipolar  forces  also  influence  the  final  order  and 
thus  can  lead  to  an  even  greater  array  of  superlattices. 

Not  all  potential  structured  nanoparticles  are  spherical 
however.  Nonspherical  interparticle  potential  can  easily  be 
envisioned  for  multivalent  nanoparticles  derived  from  surface- 
tethered  polymers.51146  As  an  example,  in  a  series  of  elegant 
experiments,  Whitesides  et  al.155’156  have  demonstrated  clearly 
the  importance  of  geometrical  considerations  in  the  develop¬ 
ment  of  long-range  structure  and  have  suggested  how  such 
structures  might  be  used  to  engineer  nanomaterials.  Fraden 
and  co-workers  have  extensively  examined  the  phase  be¬ 
havior  of  various  shaped  viruses  including  rods  with  proteins 
and  polymers.157,158  Recently  de  Wild  et  al.159  have  used 
molecules  with  triangular  symmetry  (sub-phtlaocyanine)  to 
produce  a  number  of  long-range  structures  on  silver  surfaces. 
Recent  theoretical  and  modeling  of  two-dimensional  angular 
particulate  systems160-164  has  demonstrated  the  richness  of 
phase  behavior  that  can  occur  even  in  the  most  simple 
systems.  As  previously  noted,  in  all  of  this  work  an  important 
question  arises,  namely,  to  what  degree  are  the  observed 
phases  a  consequence  of  the  purely  topological  and  space 
filling  attributes  of  the  particle  and  to  what  degree  might 
they  be  a  function  of  chemical  interaction?165 

The  process  of  self-assembly  of  these  complex  structures 
can  generally  be  divided  into  two  broad  categories:  static 
and  dynamic.155  Static  self-assembly  is  said  to  occur  when 
the  components  are  in  a  global  or  quasi-equilibrium  state. 
The  examples  discussed  above  are  representative  of  static 
self-assembly.  While  an  energy  burden  may  occur  to  enter 
the  static  state,  energy  dissipation  is  not  required  to  maintain 
this  state.  Static  equilibrium  is  most  often  seen  in  crystalline 
assemblies  of  proteins,  colloids,  or  mesoparticles.  In  contrast, 
dynamic  self-assembly  requires  a  continual  infusion  of 
energy  to  maintain  its  quasi-equilibrium  state.  For  instance 
cellular  mitosis166  and  circadian  rhythms167  may  be  viewed 
as  a  form  of  dynamic  self-assembly.  In  this  regard  it  is 
intriguing  to  note  that  “simple”  diffusion,  which  is  governed 
by  a  nonlinear  differential  equation,  can  give  rise  to  complex 
patterns  when  two  components  with  differing  diffusion  rates 
exist  within  the  same  system.168  These  concepts  manifest  in 
Turing  patterns169  and  Belousov— Zhabotinsky  (BZ)  reactions 


Figure  16.  Molecular  dynamic  simulations  of  mixtures  of  hard  smooth 
impenetrable  triangles  and  circles  in  two  dimensions.175  Even  when  the 
mole  fraction  of  the  triangles  is  low  (a,  /  =  0.15),  it  is  noteworthy  that  the 
triangles  are  not  randomly  distributed  on  the  local  scale.  As  the  concentration 
increases  (b,  %  =  0.375)  into  the  transition  region,  this  tendency  to  local 
clustering  increases  (example  circled).  At  the  highest  concentration  (c,  %  = 
0.80)  the  triangular  fluid  forms  a  liquid  quasi-crystalline  phase  (analogous 
to  Penrose  tiling,  examples  circled)  that  imposes  a  nonrandom  local  order 
on  the  minority  circular  particles. 

and  are  thought  to  be  the  root  of  many  structures  and  singling 
functions  in  biology.170 

Overall,  there  has  been  comparatively  little  theoretical  and 
modeling  work  on  the  self-assembly  dynamics  of  hard  space¬ 
filling  bodies  of  angular,  nonspherical  geometry.  These 
dynamics  calculations  are  exceedingly  intensive  in  terms  of 
computer  time,  and  it  is  perhaps  for  this  reason  that  such 
studies  have  only  recently  been  extended  to  hard  space-filling 
bodies  of  more  complex  shape.164  Frenkel  and  Maguire171 
and  Magda  et  al.172  have  reported  the  transport  properties  of 
a  fluid  of  infinitely  thin  hard-line  segments.  More  recently 
Huthman  et  al.  has  used  their  approach  to  simulate  granular 
cooling  of  hard  needles,173  while  Yoshimura  and  Mukoya- 
ma174  have  made  detailed  studies  of  isolated  binary  chattering 
collisions  between  rods.  For  example,  the  hard  triangle 
system  undergoes  what  appears  to  be  a  second-order  phase 
transition  at  a  packing  fraction  of  ~0.67  and  exhibits  a  clear 
tendency  to  form  long-lived  hexagonal  clusters.  Similarly 
in  mixtures  of  circles  and  triangles,  Figure  16,175  there  is 
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evidence  of  clustering  of  triangular  particles  at  low  mole 
fraction  (~0.1)  that  increase  as  the  system  approaches  the 
transition  region  (0.6). 

Conclusion 

Efforts  to  date  on  PNCs  with  random  dispersions  of 
nanoparticles  (nanoparticles:  spheres,  rods,  or  plates)  have 
proven  that  overcoming  traditionally  antagonistic  combina¬ 
tions  of  properties,  while  maintaining  the  manufacturing  and 
processing  flexibility  inherent  to  polymers  and  resins,  is 
possible.  For  the  future,  the  explosion  of  functional  NPs 
promises  to  expand  these  possibilities  and  enable  plastics 
with  never-before-realized  property  suites.  Our  understanding 
of  the  property— morphology  correlations  in  these  systems 
are  arguably  still  in  its  infancy,  but  is  progressing  rapidly, 
identifying  the  relative  contributions  of  interface  properties, 
NP  distribution,  NP— NP  correlations,  and  NP— matrix 
interactions  to  the  final  property  suite.  These  investigations 
are  showing  that  the  chemistry  and  physics  of  PNCs  parallel 
many  macromolecular  and  colloidal  systems,  not  just  that 
of  filled  polymers  and  polymer  blends.  Thus,  when  compared 
to  current  PNCs,  the  richness  of  structures,  morphologies, 
and  properties  exemplified  by  these  related  macromolecular 
and  colloidal  areas  underscores  the  nascent  state  and 
untapped  possibilities  awaiting  future  development  of  PNCs 
with  tailored  morphology.  The  addition  of  increased  mor¬ 
phology  control  and  its  associated  property  implications, 
including  anisotropy  in  physical  characteristics  on  the 
macroscale,  will  broaden  the  potential  impact  of  PNCs 
beyond  current  commodity  applications,  such  as  automotive, 
packaging,  and  coatings.  Possibilities  include  active  com¬ 
ponents  of  devices,  such  as  MEMs,  chemical— biological 
sensors,  photovoltaics,  and  ultrahigh-energy  density  capaci¬ 
tors,  as  well  as  being  the  enabling  material  for  numerous 
high-technology  applications,  including  reconfigurable  anten¬ 
nas,  thermal  control  materials,  lightening  strike,  and  elec¬ 
trostatic  discharge  protection  systems  and  passive  optical 
filters  and  coatings. 

Of  the  numerous  challenges  to  achieve  these  goals,  three 
stand  out  with  respect  to  their  fundamental  impact  and 
pervasiveness:  phase  behavior,  constitutive  relationships,  and 
NP  interface  modification. 

Theory,  modeling,  and  experimental  validation  of  the 
phase  behavior  of  nanoparticle-complex  fluid  systems  un¬ 
derpins  all  concepts  to  add  order  to  the  random  assembly. 
Quantification  of  NP— matrix  and  NP— NP  interactions  and 
its  impact  on  structure  drives  selection  of  NP  modification. 
Differentiation  between  thermodynamically  dispersed  and 
aggregated  states  with  respect  to  extrinsic  and  intrinsic 
variables  will  ultimately  determine  the  long-term  stability, 
manufacturability,  and  the  necessity  for  additional  concepts 
to  “trap”  potentially  desired  metastable  states.  Current 
investigations  noted  above  are  beginning  to  lay  down  the 
framework  for  spherical  NPs.  However,  the  complexities  and 
required  increase  of  precision  necessitated  by  NP  anisotropy 
(rods  and  plates)  and  multiple  intermolecular  and  interparticle 
interactions  of  comparable  magnitude  but  opposite  polarity 
(i.e.,  attractive  and  repulsive)  minimizes  the  direct  applicabil¬ 
ity  (and  some  argue  relevance)  of  current  constructs  to 


systems  of  commercial  interest.  Bridging  the  diverse  spatial 
and  temporal  scales  embodied  in  these  nanoscale  systems  is 
a  major  future  challenge. 

The  second  major  challenge  is  the  development  of 
structure— property  constitutive  relationships  to  establish 
reasonable  bonds  on  the  expected  property  improvements. 
Without  these  correlations,  exploration  of  new  structures  is 
based  on  intuition.  More  importantly,  though,  these  correla¬ 
tions  are  paramount  to  guide  processing  design  and  enable 
the  system  engineer  to  evaluate  trade-offs  and  benefits 
afforded  by  the  new  material  offerings.  The  majority  of 
current  efforts  on  random  PNCs  are  based  on  applying 
previously  validated  constitutive  relationships,  for  example 
Halpin— Tsai  or  Mori— Tanaka  for  mechanical  behavior- 
morphology  correlations.  The  success  of  these  relationships 
in  describing  property  trends  is  not  consistent  across  the 
spectrum  of  PNCs.  Quantitative  investigation  of  why  they 
are  successful  or  not,  especially  when  the  PNC  under 
consideration  invalidates  many  of  the  base  assumptions 
underlying  the  constitutive  relationship,  is  hampered  by 
inadequate  systematic  control  of  the  NP  dispersion,  morphol¬ 
ogy,  and  interface.  The  refinement  of  processing  approaches 
such  as  those  discussed  above  will  have  a  profound  impact 
on  this  critical  challenge. 

Finally,  realization  of  any  morphology,  whether  random 
or  ordered,  is  predicated  on  the  ability  to  disperse  and 
manipulate  the  nanoparticle,  whether  a  sphere,  rod,  or  plate. 
Previous  efforts  have  definitely  shown  that  a  single  universal 
dispersion  approach  is  not  realistic.  A  suite  of  robust, 
efficient,  scalable,  and  cost-effective  methodologies  that  are 
tailorable  to  various  systems  under  consideration  is  necessary. 
Innovations  to  this  end  can  be  found  throughout  the  literature, 
ranging  from  noncovalent  to  covalent;  small  molecular  to 
macromolecular;  chemical  to  mechanical;  and  single-phase 
to  multiple-phase/emulsions.  The  current  struggle  is  predi¬ 
cated  on  the  reality  of  the  uniqueness  of  a  concept  to  a 
particular  NP— polymer  system,  and  the  requirement  to  refine 
and  formulate,  especially  in  light  of  scale-up,  cost,  and 
processability  criteria.  For  example,  if  an  interfacial  modifier 
is  necessary  and  its  role  is  simply  to  enable  dispersion,  cost 
considerations  imply  a  minimal  amount  should  be  used,  but 
this  is  at  odds  with  the  more  than  200  m2/g  surface  area  of 
NPs  and  limits  the  applicability  of  many  macromolecular 
concepts.  Furthermore,  as  NP  size  and  polydispersity  de¬ 
crease,  they  form  ordered  low-dimensional  crystals  and 
assemblies  with  substantial  fraction  of  direct  NP— NP  surface 
interactions  relative  to  a  disordered  aggregate  or  agglomerate. 
These  interactions  stabilize  the  NP  assembly,  lowering  its 
free  energy  and  increasing  the  challenge  of  disrupting  the 
structure.  These  systems  are  especially  challenging  to 
disperse  as  exemplified  by  single-wall  carbon  nanotubes 
(SWNTs),  which  arrange  in  the  form  of  ropes  in  contrast  to 
multiwall  carbon  nanotubes  (MWNTs)  or  carbon  nanofibers 
(CNFs)  which  for  low-density  aggregates  are  of  individual 
tubes.  Beyond  dispersion,  however,  is  the  objective  of 
incorporating  functionality  directly  at  the  interface  to  further 
utilize  the  extensive  interfacial  area  afforded  by  the  NP.  For 
example,  incorporating  field  (e.g.,  light  (RF— UV— vis), 
magnetic,  or  electrical)— triggered  conformation  changes  or 
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thermally  responsive  macromolecules  on  the  NP  surface 
would  provide  PNCs  with  switchable  property  suites,  i.e., 
tunable,  responsive  and  adaptive  materials.  The  utilization 
of  such  systems  would  range  from  smart  tires  whose  damping 
characteristics  change  on  the  basis  of  relative  humidity  to 
control-release  tissue  scaffolds.  Married  with  increased 
morphology  control  and  thus  the  ability  to  tune  a  property 
in  one-direction  would  provide  even  greater  possibilities, 
such  as  smart  membranes,  filters,  and  morphing  structures. 

In  conclusion,  the  development  of  a  plurality  of  approaches 
to  control  nanoparticle  order  will  inevitably  provide  solutions 
to  future  (and  current)  manufacturing  needs.  However,  it  is 
difficult  to  imagine  large-scale  production  of  PNC  compo¬ 
nents  based  on  many  of  the  discussed  techniques.  Ultimately, 
complete  hierarchal  control  of  the  morphology  will  not  rely 
on  a  single  approach  but,  as  with  current  manufacturing 
technologies,  will  depend  on  the  separation  of  fine-  and 
coarse-scale  control  to  integrate  function  and  form.  Highly 
ordered  nanostructures  in  the  form  of  sub-micrometer  coat¬ 
ings,  fibers,  and  films  will  be  integrated  sequentially  into 
larger  components,  such  as  commonly  done  in  multilamellae 
film  fabrication  for  food  and  beverage  packaging,  in  high- 
performance  optical  coatings  for  windows  and  lenses,  and 
in  fiber- weaving  of  multifunctional  composite  structures,  just 
to  name  a  few.  Thus,  true  “polymer  nanocomposites”  when 
integrated  into  material  systems  could  epitomize  the  “per¬ 
formance  enabled  by  nanoinside”  mantra. 
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